ONDUCTING ANY SCIENTIFIC RESEARCH includes the process of acquiring, processing, and analysing data which are obtained as a result of one or a series of experiments.
Introduction
At the present time, processing data obtained from experiments is subject to the requirements of regulatory documentation, in particular GOST R 8.736-2011 [1] .
When data are processed, they are checked (verification), ordered according to certain characteristics, and searched for maximum and minimum values. Parameters are also determined for the root mean square deviation, as well as for the confidence intervals of values, and data are visualized (the process of presenting ordered data in the form of schemes, histograms and diagrams).
When it has been established that the experiment results belong to the normal distribution law, it becomes possible to apply methods of correlation and regression analysis.
Applying correlation analysis makes it possible to confirm the presence of statistically significant relationships between the values, while regression analysis establishes the type of empirical equations which link the inter-correlating parameters. This approach has been applied successfully at various metallurgical plants. Thus, at the Vyksa Steel Works it was used when developing an automatic system for steel certification [2] ; around 40 parameters were examined which affect the mechanical properties of flat-rolled metal. As a result of this approach a statistical model was developed which describes the dependence of the yield strength on production parameters. This model showed that the measured value deviated from the value calculated from the equation by 5%. The economic effect is reflected in the reduction of the volume of steel sent for qualification testing checks due to failures, and in the reduced necessity of carrying out direct testing for 65% of flat-rolled steel [2] . Reference 3 presents similar statistical studies aiming to obtain regression equations which make it possible to predict the mechanical properties of cold-rolled and annealed steels of AISI 304 class (analogous to 08X18H10). The authors have obtained regression equations which connect the elongation to yield strength and the Brinell hardness to yield strength. They have also obtained a multi-factor regression equation which connects the concentration of various alloying elements, the percentage of δ-ferrite, the grain size and the yield strength. A comparison of the results of calculations based on this equation with experimental results gave a divergence of no more than 5%.
Analysing the experience of using methods of statistical analysis has shown that a fairly large quantity of results has been accumulated from applying statistical checks to the multi-parameter process, aimed at quality control for products manufactured in various technological processes [4] . Methods of statistical analysis had almost never been applied earlier with the aim of multifactor analysis of the mechanical characteristics of steel for trunk oil and oil product pipelines after long-term operation.
Material and methods of testing and research
In carrying out this research, two sets of initial data were used. The first was the results of tests on steel samples where only the steel grade or the strength class was known; the second was the results of tests on samples with known values for steel grade and technical specifications of pipe manufacture [5] . The list of combinations analysed is given in Table 1 .
The period of pipe operation with combinations of steel grade -technical specifications of pipe manufacture ranged from six to 40 years. The upper limit of the operating period for the samples with known steel grade values was around 50 years.
The tests on the samples were carried out using standard methods [6, 7] . The mechanical characteristics and regulatory documentation (hereafter RD) are given in Table 2 .
Test results were presented in the form of distribution bar graphs showing the mechanical properties. This presentation offers a range of advantages. Firstly, it allows the type of distribution to be evaluated visually (to verify the hypothesis about whether the distribution can be considered normal). Secondly, where normal distribution of results cannot be confirmed, it is possible to calculate the distribution function and switch from discrete statistical analysis to continuous.
The test results were processed according to GOST R 8.736-2011 [1] and processing included the following stages:
• eliminating known systematic errors from the measurement results;
• calculating an estimation of the measured value; • calculating the root mean square deviation of the measurement results; • checking for the presence of crude errors and where necessary eliminating them; • checking the hypotheses about the normal distribution of the measurement results; • calculating confidence limits for the accidental error when estimating the measured value.
The following statistical analysis was carried out taking into account the standard methods of multi-factor correlation and single-factor regression analysis [9] .
Conducting multi-factor statistical analysis of the mechanical properties of steel is conditional upon identifying the factors which affect the strength and plasticity of metal. Within the framework of this study, a systematic approach to dividing the factors which had an influence on the mechanical properties of pipe steels was applied. As a result, all factors were divided into internal and external factors.
The external factors affecting the mechanical properties of pipe steels included the number of loading cycles performed on the pipeline. This was calculated according to the accepted regulatory documentation and based on data for a pressure differential during oil and oil product pumping, in the chosen sections of the pipeline over the last three years.
The internal factors connected with the mechanical properties of pipe steel used at trunk oil and oil product pipelines included:
• the thickness of the pipe wall.
• the pipe diameter.
• the grain number (grain size).
• the structure banding.
The results of calculations using regression equations were verified using the following methods:
• the statistical '3-sigma' method [4] ; • the method of direct calculation and comparison of results with experimental data.
In the case of direct calculation and comparison of the calculation results with experimental data, the results of non-destructive inspection and tests may be used as experimental data. These were carried out according to the methods indicated in Table 2 .
Statistical analysis of mechanical testing results

Visual representation of mechanical testing results
In Fig.1 distribution bar graphs are presented for the results of mechanical testing on samples of steel with combination steel grade -technical specifications of 17G1S per TS 14-3-602-77. The number of measurements for each of the mechanical properties was 24.
Qualitative analysis of distribution bar graphs for mechanical properties cannot unambiguously confirm the type of distribution of the ultimate strength, yield strength and reduction in area for the combination steel grade -technical specifications of 17G1S per TS 14-3-602-77. This behaviour of the distribution of mechanical characteristics may be linked to an insufficient quantity of accumulated data when this article was written. Visual analysis of the behaviour of a number of test results depending on the mechanical properties on distribution bar graphs of the results also does not make it possible to state a hypothesis about the normal character of the distribution of mechanical properties of pipe steels after prolonged periods of operation for steel grade 17G1S-U. 
. Distribution bar graphs for the results of mechanical testing for steel grade 17G1S-U: (a -top) ultimate strength; (b -centre) yield strength; (c -bottom) reduction in area.
The presented non-uniformity of the data distribution may be linked to the presence of additional factors, which affect the character of the mechanical properties' distribution for steel grade 17G1S-U. Some of these parameters are the technical specifications of pipe manufacture. In Figs 3 and 4, blue ovals mark out the scatter limits for test results for steel grade 17G1S, without taking into account the technical specifications of pipe manufacture. Red and s 0.2 /s B orange ovals mark out the scatter limits for the combination of steel grade and technical specification 17G1S with TS 14-3-602-77, and 17G1S-U with TS 14-3-1698-90 in the total mass of tests for steel grade 17G1S.
Processing test results
From the dispersion diagrams presented (Figs 3 and 4) showing mechanical characteristics, it follows that the scatter of values for ultimate strength and yield strength versus the reduction in area is reduced, when taking into account the pipe manufacture technology. When taking into account the technical specifications for pipes manufacturing, a change can be observed in the steepness of the dependence of the ultimate strength and yield strength versus the reduction in area in comparison to the observed character of the relationship for the steel grade. This conclusion is demonstrated more clearly in Figs 5, 6, and 7.
From the dependencies presented (Figs 5, 6, and 7), it is clear that the general pattern of growth in the yield strength to ultimate strength ratio, versus the reduction in area, is maintained when taking into account the technical specifications of pipe manufacture at the same steel grade.
The scatter values are calculated when evaluating the basic statistical characteristics of the mechanical properties distribution.
An evaluation of basic statistical characteristics
Based on test results, average values as well as the root-mean-square deviations (henceforth Fig.4 RMSD) were calculated for the steel grades and for the combinations of steel grade and technical specifications (henceforth TS) presented in Table 1 . In Tables 3, 4 Calculating the RMSD establishes that for all combinations of steel grade and technical specifications, the scatter of experimentally obtained values is less than for samples with known steel grade. The exception to this is the results of tests on samples of pipe with a combination of 17G1S-U per TS 14-3-1698-90 (Fig.6) .
A cumulative analysis of the results of calculating the RMSD and scatter diagrams (Figs 3 and 4) makes it possible to conclude that taking into account the technical specifications for manufacturing pipes used on trunk oil and oil product pipelines allows the mechanical characteristics of pipe steels to be described more accurately at their further use, in the capacity of initial data for calculating longevity based on current regulatory documentation.
Defining the necessary and sufficient quantity of samples to be tested
Current regulatory documentation establishes the minimum number of tests which will ensure the reliability of experimental results, but criteria for the optimum number of tests are not specified.
The optimum number of tests depends on the stability and manageability of the process and the corresponding scatter of steel's mechanical characteristics (property variations). The use of statistical methods of data analysis allows the coefficient of property variation to be calculated numerically, according to the equation: It is worth noting that the conclusions made from evaluating the behaviour of the coefficient of variation of mechanical characteristics correspond to the conclusions obtained from analysing the RMSD. However, the behaviour of the RMSD characterizes only the scatter of experimental data around a certain average value. It is actually a criterion which to a greater degree describes the quality of the measurement taken, while the coefficient of variation directly describes the change to the property and does not contain hidden errors from the experiment.
The relationship between the coefficient of variation and the number of tested samples of pipe steel from the 17GS steel grade (and its analogues) is shown in Fig.11 .
In the relationship shown, the maxima for each characteristic are clearly visible (for ultimate strength, yield strength and reduction in area) in the range corresponding to 20 samples. The results of a similar analyses, taking into account the technology of pipe manufacture, are shown in Fig.12 .
When the manufacturing technology is accounted for, the values of the coefficient of variation for ultimate strength, yield strength and reduction in area characteristics have a maximum in the interval from 4 to 8 samples (Fig.12) .
Thus, by accounting for the variation in mechanical properties makes it possible to establish criteria for choosing the pipe manufacturing technology which allows the best repeatability of mechanical properties to be assured. In its turn, this will facilitate the highest predictability in the behaviour of the pipe steel during operation.
Correlation and regression analysis
In order to establish the factors which affect strength and plasticity characteristics during pipe operation in a trunk oil or oil product pipeline, the methods of correlation and regression analysis were applied [9] .
When performing correlation analysis, the following factors were considered, as they impact the mechanical characteristics:
• the grain number (grain size);
• the structure banding;
• the thickness of the pipe wall;
• the diameter of the pipe; • the adjusted number of pipeline loading cycles.
The results of correlation analysis are presented in the form of a correlation matrix between the basic mechanical characteristics and the adjusted cyclic loading ( Table 7) .
Analysis of the correlation matrix shows that the strength characteristics based on test results for the combination of steel grade (ultimate strength and yield strength) correlate closely with the adjusted number of loading cycles performed on the oil or oil product pipeline (K corr > 0.7), while the reduction in area reveals an average level of correlation (0.5 ≤ K corr ≤ 0.7). It thus follows that the ultimate strength and the yield strength have linear dependency on the number of loading cycles on the pipeline. Table 8 presents the matrix of correlation coefficients between the mechanical properties and the structure parameters.
The results of correlation analysis between the grain size and structure banding and the mechanical properties of the pipe steel used in trunk pipelines revealed the presence of an average correlation between the microstructure banding and the strength and plasticity characteristics of the pipe steel. A linear dependency is observed only between the mechanical properties and the grain number (size).
Number of samples Coefficient of variation The results of a similar analysis are presented in Table 9 for the structural parameters of pipes.
No. in order Values
The results of this analysis revealed a strong correlation (linear dependency) between the ultimate strength, the yield strength, the reduction in area and the minimum and average thicknesses of the pipe walls. The results also showed an average correlation between the mechanical properties and the diameter of the pipe, and between the maximum thickness of the pipe walls (with the exception of reduction in area).
For values which showed correlation with the mechanical properties of pipe steels, linear regression equations were obtained (see Table 10 ).
The relationships presented here show the growth of the ultimate strength and yield strength versus the average grain number (size) for the combinations of steel grades presented in Table  2 , and the fall of the reduction in area depending on the average grain number. In the most general case, this indicates growth in strength characteristics and reduction in plasticity for the examined samples of steel from pipes in long-term operation. It is worth noting that the classic equation for describing the relationship of yield strength to grain size is the Hall-Petch equation [10, 11, 12] :
where K y is the Hall-Petch coefficient, s 0 is the yield strength of a mono-crystalline sample, and d is the grain size. From Equn 2 it follows that the yield strength is inversely proportional to the square root of the grain size. The comparison of the linear relationship based on the results of regression analysis with the Hall-Petch equation indicates the significant discrepancy between the classic principle and the results of statistical analysis. However, in recent years conditions and materials have been discovered, in which the Hall-Petch law failure can be seen [13] . A detailed study of this problem has not yet been carried out for pipe steels after long-term operation, and this issue demands further studies.
The statistical method was used to verify the predictive capability of these equations at sections of trunk and technological oil pipelines with pipes manufactured using steel grades 17GS, 17G1S, 17G1S-U and the strength class K52. This method of results verification is based on the '3-sigma' rule and was used together with the method of direct comparing calculation results from regression equations with experimental data. These showed a discrepancy of less than 5%. When checking the equations at sections of trunk oil or oil products pipelines with pipes manufactured using the steel grade 13KhGS, the deviation of the calculated values from the actual measured data was 13%.
It is worth noting that, despite the small deviations between calculated results and actual measured values of mechanical properties, the results presented are not full and require further study with regard to establishing multi-factor regression equations. Future study should also carry out cluster analysis of the pipe steel grades based on their mechanical characteristics and the operating conditions at trunk oil and oil products pipelines, as well as the increase in the number of data points for corresponding groups of steel grades and technical specifications for pipes manufacture.
Discussion of results and conclusions
The application of methods of statistical analysis to the results of mechanical testing of pipes at trunk oil and oil products pipelines after long periods of operation made it possible to assess basic statistical characteristics, as well as to verify the confidence level of experimental results. It was also possible to establish the magnitude of scatter for the ultimate strength, the yield strength and the reduction in area, and to confirm the necessity of taking into account the technology used in pipe manufacture.
A methodology has been proposed for calculating the optimum number of testing samples and comparing the technical specifications of pipe manufacture. The methodology is based on calculating the coefficient of the mechanical properties variation.
Correlation analysis of the results of mechanical testing and data from cyclic loading of pipelines, parameters of pipe geometry, and microstructure of pipe steel made it possible to find a correlation between the parameters indicated. Regression analysis methods enabled equations to be formulated, which link the parameters studied, and to confirm the possibility of predicting the mechanical characteristics of pipe steel at sections with different levels of pipeline loading with an adequate degree of accuracy.
Further studies will be aimed at widening the list of steel grades examined, as well as technical specifications for pipe manufacture. They will also aim to divide steel grades and technical specifications for pipe manufacture into groups with close values for parameters, and to carry out multi-factor regression analysis taking into account the mutual correlation between the factors studied.
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